Rationale: Hypoxemia is a common complication during tracheal intubation of critically ill adults and is a frequently used endpoint in airway management research. Identifying patients likely to experience low oxygen saturations during tracheal intubation may be useful for clinical practice and clinical trials.
Tracheal intubation is a frequently performed and potentially life-saving procedure among critically ill patients (1, 2) . Hypoxemia is the most common complication of tracheal intubation in the intensive care unit (ICU) (2) (3) (4) (5) and is associated with cardiac arrest (2, 6, 7) . Thus, avoidance of hypoxemia during tracheal intubation is a goal in clinical practice, and hypoxemia is a frequently used endpoint in airway management research (8) (9) (10) (11) .
Identifying patients likely to experience low oxygen saturation during tracheal intubation in the ICU may improve clinical practice by encouraging changes in modifiable risk factors. Most prior studies have identified risk factors for "difficult airways" (5) and demonstrated an association between the number of laryngoscopy attempts required for tracheal intubation and hypoxemia (4, 12) . Only one prior study has directly evaluated risk factors for hypoxemia (13) . In addition to helping clinicians identify patients at high risk for peri-intubation hypoxemia (for whom changes to the procedural approach may be warranted), an accurate predictive model of oxygen saturation and severe hypoxemia could be used in clinical research to enrich trial populations or to assess for heterogeneity of treatment effect by baseline risk of the outcome (14) .
We hypothesized that the lowest arterial oxygen saturation and severe hypoxemia during tracheal intubation of critically ill adults could be predicted using routinely available preprocedure clinical data. Some of these results have been previously presented in abstract form (15) .
Methods Study Design
We performed a retrospective analysis of individual patient-level data from two previously published prospective randomized trials, which examined emergent airway management among critically ill adults (8) (9) (10) (11) . The first was a single-center trial of 150 tracheal intubations randomized to video laryngoscopy or direct laryngoscopy, factorialized with randomization to apneic oxygenation or no apneic oxygenation (8, 9) . The second was a multicenter trial of 292 intubations randomized to ramped or sniffing position, coenrolled with randomization to use of a written, preprocedural checklist or usual care (10, 11) . These trials are summarized in Table E1 in the online supplement. None of the four interventions studied were found to have a significant impact on lowest arterial oxygen saturation. All trials were approved by the institutional review board at participating sites and registered at ClinicalTrials.gov.
Patient Population
Complete details of the inclusion and exclusion criteria for the original trials have been published previously (8) (9) (10) (11) . Briefly, patients 18 years or older undergoing tracheal intubation in a participating ICU were eligible. Patients were excluded if tracheal intubation was deemed by the operator to be too emergent for safe conduct of study procedures (e.g., cardiac arrest), the operator believed any of the treatment assignments was contraindicated, or the initial intubation attempts were not made by a pulmonary and critical care fellow or anesthesiology trainee. The current study included all subjects from the original trials except those missing pulse oximetry data. Five patients in the dataset met the initial trials' exclusion criteria because, although the planned initial operator was an anesthesiology trainee, the actual initial operator was a certified registered nurse anesthetist. We included these intubations in our primary analysis and performed sensitivity analyses excluding these intubations.
Outcomes
The primary endpoint for the current study was the lowest arterial oxygen saturation measured by continuous noninvasive pulse oximetry (Sp O 2 ) from the time that induction medications were administered until 2 minutes after intubation. This outcome was the primary endpoint for the original trials and was routinely collected in real time by independent observers for all participants. The secondary endpoint for the current study was severe hypoxemia, defined as an Sp O 2 less than 80% or a decrease in Sp O 2 of greater than 10% for patients with an Sp O 2 at induction less than 90% (7).
Data Collection
Other variables included in the current analysis were systematically collected during the original trials using a standardized data collection sheet and stored in a secure, online research electronic data capture (REDCap) database (16) . Methods for data collection are described in the original publications (8) (9) (10) (11) . In brief, independent observers not participating in the intubation procedure recorded data from the intubation, including the Sp O 2 at induction, lowest Sp O 2 , and duration of intubation. The operator self-reported his or her prior number of intubations at the time of each study intubation. Study personnel collected each patient's baseline characteristics, comorbidities, severity of illness, ICU admission diagnoses, indication for tracheal intubation, and clinical outcomes from the electronic medical record.
Sample Size
To avoid overfitting, simulation studies suggest at least 10 to 15 outcome events per degree of freedom (17, 18) . With a fixed sample size of 433 intubations, and the continuous primary outcome of lowest oxygen saturation, we limited the number of covariates, interactions, and nonlinear terms in our regression modeling to fewer than 29 degrees of freedom.
Development of the Regression Models for Risk Factor Identification
Potential predictors of lowest oxygen saturation were selected a priori for inclusion in multiple regression models on the basis of the authors' clinical perceptions of likely risk factors for hypoxemia from demographic and physiologic variables available before intubation without univariate testing of relationships with the outcome (19) . Among related variables, data reduction methods were used to avoid overfitting. Candidate variables for inclusion are listed in Table E2 After constructing the models, the cohort was described by number and proportion or median and interquartile range (IQR) for dichotomous and continuous variables. Chi-square and Wilcoxon rank-sum tests were applied for univariate comparison between intubations resulting in severe hypoxemia or not. Multiple sensitivity analyses were conducted with 1) inclusion of the original trial from which the data derived as an additive effect, 2) septic shock instead of sepsis, and 3) excluding intubations by certified registered nurse anesthetists from the data set. In addition, mixed effect models were constructed with random intercepts for 1) study sites, and 2) airway operators, to account for possible clustering effects.
Development of the Regression Models and Simplified Score for Risk Prediction
To facilitate prediction of lowest oxygen saturation or hypoxemia in external patient populations, we used the same variables as above to develop risk prediction models for lowest Sp O 2 and severe hypoxemia, using penalized maximum likelihood estimation to improve external generalizability. Finally, we incorporated all significant variables from the logistic model for severe hypoxemia into a simple point score for bedside risk stratification for severe hypoxemia. Breakpoints for continuous 
Results

Prevalence of Severe Hypoxemia
A total of 442 intubations were included in the original trials, of which 9 were excluded from the current study for incomplete pulse oximetry data-in each case because of the inability to pick up the pulse waveform required to obtain an Sp O 2 reading. Of the remaining 433 intubations, the mean (standard deviation) lowest Sp O 2 was 88% (14%); the median (IQR) was 93% (83-98%). Ninety-three patients (21.5%) experienced severe hypoxemia.
Operator and Patient Characteristics
Operator and patient characteristics are summarized in Table 1 . Thirty-six percent of patients were intubated for hypoxemic respiratory failure. The median (IQR) APACHE II score was 22 (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , 49% of patients had sepsis, and 26% had septic shock. A total of 58 unique operators contributed intubations from six ICUs in four academic medical centers.
Multivariable Modeling for Risk Factor Identification
The linear multiple regression model for the primary outcome of lowest Sp O 2 between induction and 2 minutes after intubation included 426 intubations and excluded 7 intubations for missing data on BMI (n = 5), race (n = 1), or both (n = 1). Table 2 summarizes the independent effects of each risk factor, holding other variables to their median. Because of nonlinearity, continuous variable effects are summarized by comparing 75th to 25th percentiles, and the partial effects of independent predictors are displayed in their entirety in Figure 1 Figure  E2 ) is available in the online supplement to visually convey relative strength of risk factors.
Results of the sensitivity analyses are presented in Table E3 . In the sensitivity analysis excluding intubations by certified registered nurse anesthetists, operator experience remained significant (P = 0.02). The nonlinear term for operator experience Arterial oxygen saturation at induction, 100% vs. The table displays the mean difference in predicted lowest oxygen saturation for each covariate for specified contrast. For continuous variables, the difference in lowest oxygen saturation is compared between the 75th and 25th percentiles. For example, the lowest oxygen saturation is predicted to be 3% higher for a 67-year-old patient compared with a 47-year-old patient, after adjusting for prespecified confounders. The P values are for the nested model comparison of the overall model, with removal of the covariate term from the model.
ORIGINAL RESEARCH
was no longer statistically significant (P = 0.14), but the partial effects plot was similar ( Figure E3 ), and the model coefficients did not substantively change (Table E3 ). When substituting septic shock for sepsis in the model, septic shock was an independent predictor, but the other coefficient terms were not significantly changed. When including the original trial from which the data were derived as a fixed effect, trial of data origin was not independently associated with lowest Sp O 2 . The mixed effect models including either study site or operator as a random intercept did not change the primary model; the variance explained by either study site or operator was zero.
Development of Risk Prediction Models
When the same variables from the models used for risk factor identification were included in a risk prediction model for lowest Sp O 2 using a penalized maximum likelihood estimation algorithm further corrected for optimism with internal bootstrapping, the R 2 was 0.267, with a 0.9 quantile of absolute error of 0.82. The bootstrapped calibration plot is shown in Figure E4 . The complete equation for the model is available in the online supplement.
Similarly, when we used a penalized maximum likelihood estimation algorithm on the risk factor model for severe hypoxemia to develop a prediction model, the penalized model corrected for optimism by internal bootstrapping had good discrimination, with an AUC of 0.734 and a 0.9 quantile of absolute error of 0.03. The full formula for the prediction model is available in the online supplement, as is the bootstrap calibration plot ( Figure E5) .
Finally, simplification of the penalized model for predicting severe hypoxemia by assigning points to each of the significant risk factors yielded a six-point score: age less Table 4 . The AUC of the AT RISK score was 0.714 (95% CI, 0.653-0.778 by bootstrap). Test characteristics and probability of desaturation at various cutoffs are summarized in Table 5 , and the calibration of the AT RISK score is depicted in Figure 2 . Less than 2% of patients with an AT RISK score less than 2 will experience severe hypoxemia (negative predictive value, 98.1%; 95% CI, 93.2-100%), whereas nearly half of patients with an AT RISK score greater than 3 will experience severe hypoxemia (positive predictive value, 47.4%; 95% CI, 37.1-59.1%).
Discussion
This retrospective analysis of data from two randomized trials identified preprocedural demographic and physiologic risk factors for lower nadir Sp O 2 during tracheal intubation in the ICU. Oxygen saturation at induction and acute hypoxemic respiratory failure as the indication for intubation were risk factors most strongly associated with lower oxygen saturation. For operators with fewer than 100 previous intubations, increasing operator experience was associated with higher oxygen saturation. In addition, we found that clinically available preinduction risk factors could be used to predict severe hypoxemia using multivariable modeling or a simplified six-point score.
Hypoxemia is the most common complication of intubation and the most closely associated with cardiac arrest (2, 6, 7) . Although several prior studies have examined risk factors for failure to intubate on the first laryngoscopy attempt (4, 5, 12, 20) or the effect of intraprocedural factors such as laryngoscopy duration on the development of hypoxemia (3-7), few prior data inform which preprocedural factors predict oxygen saturation during intubation in the ICU. Smischney and colleagues recently performed a retrospective casecontrol study of critical care intubations in the ICU in a cohort of 420 patients (13) . They reported that provider training level, acute respiratory failure as indication for intubation, and lower baseline Sp O 2 levels were associated with hypoxemia, defined as Sp O 2 less than 90% within 30 minutes. Results from our prospectively collected cohort, using a more specific interval for airway complications of within 2 minutes recorded by an independent observer, build on and extend these findings. In addition to confirming provider experience, indication for intubation, and Sp O 2 at induction as risk factors for hypoxemia, we identified BMI, race, and younger age as risk factors and translated these risk factors into predictive models for lowest Sp O 2 and hypoxemia and a simplified six-point score that could be used for rapid bedside assessment of risk of hypoxemia.
The strongest independent predictor of severe hypoxemia in our study was Sp O 2 at induction. A higher SpO 2 at induction was associated with better oxygenation during the procedure across the entire spectrum of values, including for patients with Sp O 2 at induction greater than 95%. This finding may contrast with prior recommendations to target a minimum specific Sp O 2 threshold for preoxygenation (21) , instead suggesting that, even for patients with an Sp O 2 greater than 95%, higher may be better, although the benefits of extending the preoxygenation period must be balanced against the risk for possible deterioration in some patients (22) .
Another clinically modifiable variable predictive of lowest Sp O 2 and severe hypoxemia in our study was the operator's prior intubating experience. For operators who had performed fewer than 100 prior intubations, a "dose-response" relationship appeared to exist, in which increasing operator experience was associated with higher oxygen saturations during the intubation. For operators who had performed 100 or more prior intubations, there was not a clear association between experience and oxygenation outcomes.
Previous studies of trainees learning to perform tracheal intubation report an inconsistent relationship between operator experience and complications of intubation. In a 253-procedure French cohort of tracheal intubations, inexperienced trainees had fewer complications, a finding explained as a dual-operator advantage because less-experienced operators were closely supervised (3, 23) . By contrast, nearly all intubations in our cohort were supervised by attending physicians, regardless of operator experience. Other studies have reported associations between operators at more advanced stages of training and fewer laryngoscopy attempts ; Sp O 2 = arterial oxygen saturation as measured by continuous pulse oximetry. Test characteristics in the cohort expressed by % (95% confidence intervals) at different thresholds of AT RISK scores. The number of patients in the cohort with each score was: AT RISK 0, n = 8; AT RISK 1, n = 45; AT RISK 2, n = 150; AT RISK 3, n = 145; AT RISK 4, n = 69; AT RISK 5, n = 8; and AT RISK 6, n = 1.
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and complications (2, 4, 5, 12, 24) , including hypoxemia in the Smischney study (13) . The number of procedures needed to achieve competency is a critical question for procedural training, but few emergency airway management studies have evaluated the relationship between the operator's absolute procedural volume and outcomes (25) . Studies of anesthesia resident learning curves for tracheal intubation have suggested a median minimal procedural volume of about 50 tracheal intubations to achieve an acceptable intubation success rate, but the range for individual operators was large (26) (27) (28) . Whether the same number is necessary or sufficient for tracheal intubations outside of the operating room is unknown, and to our knowledge has not been previously examined with respect to peri-intubation complications. Although our analysis suggests a leveling of learning beyond 100 procedures' experience, caution is warranted before assigning a specific volume of procedural experience necessary to achieve competency for intubations in the critically ill. For example, our model predicts that for an operator with prior experience of 50 procedures, the average patient would have a lowest Sp O 2 of about 90%, a safe and acceptable level (29) , and the predicted mean difference in lowest oxygen saturation between operator experience of 40 and 85 intubations is 2%. Furthermore, the current study was designed a priori to predict lowest Sp O 2 and severe hypoxemia rather than to assess procedural competency. When considering procedural competency, other operator-related characteristics may be important, and investigation into additional endpoints beyond lowest Sp O 2 would be warranted.
Our models predicting absolute lowest Sp O 2 and severe hypoxemia also have several implications for clinical trials. First, since nearly half of the patients who developed severe hypoxemia were intubated for reasons other than hypoxemic or hypercapnic respiratory failure, investigators attempting to enrich the study population for those at risk for hypoxemia by selectively including only patients with hypoxemic respiratory failure should be cautious. Doing so would exclude almost half the patients who experience severe hypoxemia during tracheal intubation in the ICU. Second, there is increasing recognition of the need for clinical trials to address the potential for heterogeneity of treatment effect by baseline risk of the primary outcome, because an intervention may benefit those at high risk for the outcome and may be ineffective (or even harmful) for those at low risk (14) . By providing a detailed formula for predicting lowest Sp O 2 and severe hypoxemia during intubation, the current study will allow future randomized trials targeting these outcomes to calculate each individual patient's baseline risk of the outcome and assess for heterogeneity of treatment effect by risk of the primary outcome.
Alternatively, researchers could quickly calculate the AT RISK score before enrollment to enrich the trial population for patients likely to experience the outcome.
Our analysis has a number of strengths. All data were collected prospectively and systematically, avoiding many of the biases of retrospective research. Moreover, an independent observer, whose only role at the procedure was to complete the trial data collection sheet, including vital sign data, recorded the primary endpoint. Prespecification of the covariates for the multiple regression model reduces the likelihood of overfitting and improves the likelihood of validation of the model in new populations. The clinical trials from which this cohort was derived were conducted in a pragmatic fashion, enrolling nearly all eligible intubations of critically ill adults in the participating units, which increases the generalizability of our models. Penalized maximum likelihood estimation and internal bootstrapping were performed to avoid overfitting and provide a more conservative prediction model, and the stability of the parameter estimates in the risk factor assessments through multiple sensitivity analyses provides evidence for robustness of their independent risk estimates.
Our investigation has some limitations. The sample size was fixed by the enrollment of the previously conducted trials, thereby limiting the number of covariates that could be analyzed. This analysis was retrospective, so we were limited to variables collected as part of the original prospective trials. Oxygen saturation was only available in the study datasets for the 2 minutes after endotracheal intubation, precluding prediction of complications at later time points. The relationship between lowest oxygen saturation, severe hypoxemia, and longer-term, patient-centered outcomes remains uncertain. Race as an independent predictor of lowest Sp O 2 is without physiologic rationale and may relate to our incomplete knowledge of comorbidities that confound the race variable. The association of older age with less risk of hypoxemia appears counterintuitive. Clinicians' thresholds for intubating younger and older patients may differ, with intubation of younger patients deferred until less physiologic reserve remains. Alternatively, the relationship may be explained by residual confounding. Furthermore, the inclusion of variables reported by previous ORIGINAL RESEARCH investigators to be predictive of airway difficulty, such as the presence of obstructive apnea syndrome or higher Mallampati scores (5), may have improved our predictions, but they were not collected routinely in all patients. Our data may not generalize to patients who were excluded from our trials, namely those undergoing tracheal intubation for cardiopulmonary arrest or those for whom treating clinicians believed tracheal intubation was required too emergently to allow for randomization. Finally, the models derived in this study will require prospective validation in another study population.
Lowest oxygen saturation and severe hypoxemia during tracheal intubation in the ICU can be accurately predicted using routinely available preprocedure clinical data, with Sp O 2 at induction and hypoxemic respiratory failure as the indication for intubation being the strongest predictors. A simple bedside risk score may riskstratify patients at risk for hypoxemia during intubation to help target delivery of preventative interventions and facilitate prognostic enrichment in clinical trials. n Author disclosures are available with the text of this article at www.atsjournals.org.
